Attempts to prepare tantalum coating on tungsten have been performed in 55 mol%LiF-35 mol%NaF-10 mol%CaF 2 melt containing K 2 TaF 7 . Electrolytic deposition of tantalum was carried out by galvanostatic polarization. A conproportionation reaction also occurred that interfered with the electrodeposition and resulted in decrease in current efficiency. However, the product of this reaction was soluble, which diffused away from the electrode without contaminating the deposit. Hence, a compact electrodeposited tantalum coating was obtained on tungsten substrate. An excellent interface was possible when coating was performed in the melt containing 2 mol% K 2 TaF 7 .
Introduction
The sputter-deposited tantalum and other valve-metal alloy coatings, with or without subsequent heat treatment, exhibit extremely high corrosion resistance in aqueous environments. [1] [2] [3] [4] [5] [6] [7] Tantalum is also interesting for high electric capacitance of its stable oxide film.
Among various techniques used for preparing valve metal coatings, molten salt electrodeposition is extremely useful due to low cost and high flexibility for big size and complicated shape of the objects to be coated. [8] [9] [10] However, a compact coating making good interface with the substrate has been usually difficult. 10) Due to an increased understanding of preparation and properties of molten salts, [11] [12] [13] [14] [15] efforts to develop electro-deposited coatings in these electrolytes may succeed to an extent that these could be employed for engineering purposes similarly to the aqueous electrolytes. 16) We have been investigating the possibility of electrolytic coating of tantalum on tungsten and nickel in LiF-NaF-CaF 2 melt containing K 2 TaF 7 . 17) In the present work, we could be able to deposit compact tantalum on tungsten with good interface between the coating and the substrate. The particular attention was also paid to investigate the electrochemical or chemical phenomenon during deposition and dissolution of tantalum.
Experimental Methods
The details of the experimental procedures are given elsewhere.
17) The electrolyte was 55%LiF-35%NaF-10%CaF 2 containing 1-2% K 2 TaF 7 at 700 C. (The quantities are given in mole percent.) The working electrode, the counter electrode and, the (quasi) reference electrode were a tungsten wire, a graphite rod and, a nickel wire, respectively.
The electrochemical tests included cyclic voltammetry and reverse chronopotentiometry. The electrodeposits were characterized by X-ray analysis and SEM. Figure 1 shows a typical cyclic voltammogram obtained on tungsten in LiF-NaF-CaF 2 melt containing 2% K 2 TaF 7 . The reactions at two cathodic waves, R 1 and R 2 , are recognized as the reactions (1) and (2), respectively.
Results and Discussion

Electrochemical phenomenon
17)
The reaction of our interest for electro-deposited coating is the reaction (2) . However, the presence of two anodic waves, i.e., O Fig. 2(a) , only one anodic plateau is recognized, that is possibly, O 00 2 . The time spent in this anodic plateau is almost one third of the cathodic plateau R 2 , which is typical for the re-oxidation of a soluble reductant. 18) When reduction is continued for a longer time at the same current density, two anodic plateaus, O 0 2 and O 00 2 , are observed as shown in Fig. 2(b) . The two anodic plateaus are also observed at a very high current density as shown in Fig.  2 (c). In these cases, the total time of anodic plateaus is more than 60% of the time spent in preparing the reductant at R 2 . This suggests that an insoluble reductant is formed at R 2 and the appearance of the plateau O 0 2 should be related with the oxidation (dissolution) of this insoluble reductant. Since metallic tantalum is formed at R 2 , 17) the plateau O 0 2 must be related with dissolution of metallic tantalum.
One possibility could be that tantalum is formed at R 2 in a single step, while it undergoes oxidation in two steps to give two anodic plateaus, O 0 2 and O 00 2 . The other possibility is that another species is formed at R 2 besides metallic tantalum which undergoes oxidation at O 00 2 . In case of the former possibility, the ratio of the time spent in corresponding plateaus, i.e., T add =T dis , should be constant as a function of the ratio of the charge transfer numbers. 18) If we compare the chronopotentiograms obtained at different current densities and the concentrations of K 2 TaF 7 , the ratio T add =T dis is not constant, as partly shown in Fig. 2 . Accordingly, the anodic plateaus, O 0 2 and O 00 2 , are not related with two-step dissolution of metallic tantalum. Hence, the latter possibility looks closer to the reality that an additional species is formed, besides metallic tantalum, whose oxidation gives rise to the second anodic plateau. Knowing a very common phenomenon of disproportionation (and conproportionation) reaction in molten salts, 10) we believe that this species is formed by a conproportionation reaction, i.e., chemical reaction of electro-deposited tantalum with Ta(V) in order to form an intermediate oxidation state. Because this species oxidizes at active potentials than required for Ta(II), it appears to be Ta(I). Based on these considerations, we can suggest the reactions (3) and (4) for the formation and re-oxidation of conproportionation product, respectively.
We have further analysed the chronopotentiograms obtained at different current densities and time for deposition. Consider Fig. 2(c) and the reactions (2)-(4) . The number of moles of tantalum that are deposited at R 2 in time T dep should be IT dep /5F according to the Faraday's law. Similarly the number of moles of metallic tantalum that are dissolved at O 0 2 is IT dis /5F. The difference of these two values (IðT dep À T dis )/5F) must be the number of moles of metallic tantalum that undergo the conproportionation reaction (3). In turn the number of moles of Ta(I) that are formed is IðT dep À T dis Þ/4F. On the other hand, the number of moles of Ta(I) that undergo oxidation at O 
If Ta(I) is completely insoluble and stays in the deposit for electro-oxidation at O 00 2 , q should be equal to unity. Figure 3 shows the relationship between T add and (T dep À T dis ). As q < 1, Ta(I) is not insoluble. By contrast, q is approximately equal to 1/3 for most of the cases. It appears that the product of conproportionation reaction, i.e., Ta(I), diffuses into the electrolyte. Only approximately one third returns to the electrode within the anodic plateau O 00 2 . The other diffuses into the bulk of the electrolyte. The soluble nature of conproportionation product forming at the tantalum surface indicates that the conproportionation reaction may not cause contamination of the electrodeposits. Figure 4 shows T dis =T dep as a rough measure of current efficiency of the electrodeposition. It is revealed by Fig. 4 that a high current density for electrodeposition is required for a reasonable current efficiency in order to obtain stable nucleation and growth of the deposit. Furthermore, the severity of conproportionation reaction is higher at the nucleation stage, although it continues to occur with growth of metallic tantalum, as suggested by Fig. 4(b) .
Morphology of the deposits
By X-ray analysis, the electrodeposits obtained at 0.15-1.5 kAÁm À2 in the melt containing 2% K 2 TaF 7 were found to be tantalum without contamination of fluoride or other species from the electrolyte. It may be worth mentioning here that the deposits did not cover more than 90% of the surface when electrodeposition was performed at 0.15-0.2 kAÁm À2 . However, the surface was completely covered with the electrodeposits obtained at current densities of 0.5-1.5 kAÁm À2 . This difference may be due to conproportionation reaction, which dissolves tantalum and does not allow stable deposit to nucleate on the tungsten substrate at low current densities in the melt containing 2% K 2 TaF 7 . Because dissolution rate is less pronounced in comparison with deposition rate at high current densities, stable deposit easily forms and covers the surface completely. Figure 5 shows SEM images of the electro-deposited tantalum surface as a function of current density. Two kinds of surface features are observed. One is a rather smooth deposit with crystalline facets. The other is the protuberances with relatively rough surface typical for dendritic growth. The number density of protuberances formed at 1.5 kAÁm À2 is higher in comparison with lower current densities. Figure 6 shows SEM images of the electrodeposits obtained from sections after electrodeposition at 0.5 (a,b), 1.0 (c) and 1.5 kAÁm À2 (d). A dense and compact deposit is formed by electrodeposition at 0.5 and 1.0 kAÁm À2 . The smooth growth of crystallites seems responsible for forming the compact deposits. The deposit formed at 1.5 kAÁm
À2
contains pores as shown in Fig. 6(d) . As can be seen in Fig.  5(c) , the boundaries of protuberances exhibit small gaps at the surface of the deposit. Those kinds of defects at the growing interface seem responsible for defects in the bulk of the coating prepared at high current density of 1.5 kAÁm À2 . Figures 7(a) and (b) shows a typical SEM image and the corresponding characteristic X-ray image of W-L, respectively, obtained after electrodeposition at 0.5 kAÁm À2 in the melt containing 2% K 2 TaF 7 . The interface has been roughly marked on Fig. 7(b) by dotted curve. The interface is invisible on SEM. Accordingly, a smooth, compact and defect-free interface has been formed. Similar results were found in all the electrodeposits obtained in the melt It may be worth mentioning that a smooth and compact deposit completely covering the surface and making good interface with the substrate was not obtained on tungsten in the melt containing 1% K 2 TaF 7 .
17) By contrast, sound deposits are obtained in the melt containing 2% K 2 TaF 7 . The conproportionation reaction may lead to preferential dissolution of thin dendrites if they form. Hence, it appears that a higher severity of conproportionation reaction has played a positive role in forming the smooth electrodeposits in the melt containing 2% K 2 TaF 7 , in comparison with 1% K 2 TaF 7 .
Conclusions
A compact coating of pure tantalum making a smooth interface is formed after galvanostatic polarization at 0.5-1.0 kAÁm À2 LiF-NaF-CaF 2 melt containing 2% K 2 TaF 7 . At still higher current density, e.g., 1.5 kAÁm À2 , the deposit contains some porosity due to partly dendritic growth. At very low current densities of 0.15-0.2 kAÁm À2 , deposit is not obtained on most of the surface due to difficulty in nucleation as a result of conproportionation reaction. The conproportionation reaction does not result in contamination of the deposit because of soluble nature of the conproportionation product. 
